Destabilization of intrapermafrost gas hydrates is one of the possible mechanisms responsible for methane emission in the Arctic shelf. Intrapermafrost gas hydrates may be coeval to permafrost: they originated during regression and subsequent cooling and freezing of sediments, which created favorable conditions for hydrate stability. Local pressure increase in freezing gas-saturated sediments maintained gas hydrate stability from depths of 200-250 m or shallower. The gas hydrates that formed within shallow permafrost have survived till present in the metastable (relict) state. The metastable gas hydrates located above the present stability zone may dissociate in the case of permafrost degradation as it becomes warmer and more saline. The effect of temperature increase on frozen sand and silt containing metastable pore methane hydrate is studied experimentally to reconstruct the conditions for intrapermafrost gas hydrate dissociation. The experiments show that the dissociation process in hydrate-bearing frozen sediments exposed to warming begins and ends before the onset of pore ice melting. The critical temperature sufficient for gas hydrate dissociation varies from −3.0 • C to −0.3 • C and depends on lithology (particle size) and salinity of the host frozen sediments. Taking into account an almost gradientless temperature distribution during degradation of subsea permafrost, even minor temperature increases can be expected to trigger large-scale dissociation of intrapermafrost hydrates. The ensuing active methane emission from the Arctic shelf sediments poses risks of geohazard and negative environmental impacts.
Introduction
A wealth of data on subsea permafrost in the Arctic shelf collected through Russian and international research projects [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] has revealed large-scale methane emission from bottom sediments into water and on into the atmosphere. The gases in the Arctic shelf are often attributed to increasing microbial methane generation, migration of gas through taliks and faults, as well as to decomposition of intrapermafrost and subpermafrost gas hydrates during progressive degradation of subsea
Methods
The effect of temperature on the dissociation of pore gas hydrates in frozen sediments was studied experimentally using a specially designed system ( Figure 1 ) which can reproduce thermobaric conditions in a large range of temperatures and pressures. The system, with a working volume of 420 cm 3 , consists of a pressure cell that accommodates a metal container with samples; an analog-digital converter (ADC); and a personal computer (PC) for saving records of pressure and temperature changes [55] . The temperature was maintained, to an accuracy of 0.1 • C, by circulation of liquid from the HAAKE Phoenix C40P refrigerated bath along the "thermal coat" around the pressure cell. During our experiments, the temperature and pressure in the cell were accurate to 0.05 • C and 0.005 MPa, respectively.
However, the thawing of frozen hydrate-bearing rocks and related dissociation of hydrates, which can maintain self-cooling of the sediments, remains poorly studied. In this respect, experimental modeling of the mechanism and patterns of pore gas hydrate dissociation induced by permafrost warming may shed light on destabilization of intrapermafrost gas hydrates and hazardous emission of methane in the Arctic shelf.
The effect of temperature on the dissociation of pore gas hydrates in frozen sediments was studied experimentally using a specially designed system ( Figure 1 ) which can reproduce thermobaric conditions in a large range of temperatures and pressures. The system, with a working volume of ~420 cm 3 , consists of a pressure cell that accommodates a metal container with samples; an analog-digital converter (ADC); and a personal computer (PC) for saving records of pressure and temperature changes [55] . The temperature was maintained, to an accuracy of 0.1 °C, by circulation of liquid from the HAAKE Phoenix C40P refrigerated bath along the "thermal coat" around the pressure cell. During our experiments, the temperature and pressure in the cell were accurate to 0.05 °C and 0.005 MPa, respectively. To simulate the dissociation of pore gas hydrates, natural deformed soil samples of sand, silt, and clay silt (Table 1) were saturated with hydrate. The constituent minerals in the samples were identified by X-ray diffractometer ULTIMA-IV (Rigaku company, Tokyo, Japan), salinity was determined through water extracts from dry sediment samples, and the particle size distribution ( Table 2 ) was determined following the procedure of State Standard [56] . To simulate the dissociation of pore gas hydrates, natural deformed soil samples of sand, silt, and clay silt (Table 1) were saturated with hydrate. The constituent minerals in the samples were identified by X-ray diffractometer ULTIMA-IV (Rigaku company, Tokyo, Japan), salinity was determined through water extracts from dry sediment samples, and the particle size distribution ( Table 2 ) was determined following the procedure of State Standard [56] . Samples were prepared from air-dry soil mixed with distilled water and crushed ice (in the case of silt) and left for 30 min at room temperature to achieve the wanted moisture content. The wet soil was compacted layer-by-layer in a cylindrical container (10 cm high and 4.6 cm in diameter) and placed into a pressure cell. The pressure cell with the samples was sealed tightly, vacuumed, frozen to −5-6 • C, and then filled with hydrate-forming gas (99.98% CH 4 ) at 4−6 MPa [55, 57] . Pore hydrate accumulation was stimulated by cyclic freezing and thawing of the samples at above-equilibrium pressure.
Once hydrate formation in the samples decayed, the time-dependent kinetics of pore hydrate accumulation and phase transition parameters were analyzed by the pressure-volume-temperature (PVT) method [55] .
The volume content of hydrate (Hv, %) was found as:
where Mh is the weight of pore gas hydrate (g); Ms is the weight of soil sample (g); is the sample density (g/cm 3 ); h is the skeleton (hydrate) density of empty square lattice (without gas molecules by analogy with the pure ice structure); h for CH 4 was assumed to be 0.794 g/cm 3 [55] . Hydrate saturation or percentage of pore space filled with hydrate (Sh, %) was inferred from the volume content of hydrate as:
where n is the sample porosity (u.f.), assuming a hydrate number of 5.9 for CH 4 . The fraction of water converted to hydrate, or hydrate coefficient (Kh, u.f.) was found as:
where Wh is the percentage of water converted to hydrate (% of dry sample weight) and W is the total amount of moisture (initial water content, %). Then the frozen soil samples saturated with methane hydrate to a known level were exposed to non-equilibrium conditions at a constant negative temperature of −6 • C, by decreasing pressure in the cell to 0.6-1.6 MPa. These pressure and temperature conditions correspond to those in natural sediments at gas emanation sites. Pore gas hydrates underwent dissociation at a decaying rate because of the self-preservation effect [32] . The pressure in the cell was maintained at a constant low level by slow gas release as the pressure increased. Once the pore gas hydrates reached the metastable state, the self-preservation coefficient (Ksc) was calculated as a ratio of residual hydrate content in a frozen sample at below-equilibrium pressure to the initial hydrate content. At the next step, the temperature in the cell was increased for a few hours from the initial value −5 • C to +6 • C. The recorded time-dependent temperature and pressure changes were used to calculate the volume of releasing methane per 1 m 3 of thawing hydrate-bearing soil.
Experimental Results
The soil samples, which were saturated with methane hydrate in laboratory and exposed to the self-preservation conditions by decreasing the pressure to below equilibrium (Table 3) , showed variations during the experiment caused by dissociation of pore gas hydrates. The highest percentage of pore hydrate was measured in sand (Sh = 47%), while the fraction of water converted to hydrate (Kh) was 59%; the silt and clay silt samples showed lower respective values: 25% and 11.5% for Sh and <29% for Kh. The pressure decrease to below equilibrium led to partial dissociation and self-preservation of pore hydrate recorded in saturation decrease [32] . At the end of the dissociation process, the frozen samples contained 4-7% of residual hydrate. The self-preservation coefficient (Ksc) was the highest in clay silt (61%) and the lowest in sand (8.5%).
The frozen soil samples with metastable pore methane hydrate were heated to estimate the effect of warming on hydrate destabilization detectable in the time-dependent change of pressure, temperature, and hydrate coefficient (Figures 2-4 ). In addition, temperature corresponding to the onset of rapid pore hydrate dissociation (t d ) was determined for each experiment by the intersection of the tangents to the dramatic bend of the hydrate coefficient graph (blue line) and temperature graph (red line).
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The soil samples, which were saturated with methane hydrate in laboratory and exposed to the self-preservation conditions by decreasing the pressure to below equilibrium (Table 3) , showed variations during the experiment caused by dissociation of pore gas hydrates. The highest percentage of pore hydrate was measured in sand (Sh = 47%), while the fraction of water converted to hydrate (Kh) was 59%; the silt and clay silt samples showed lower respective values: 25% and 11.5% for Sh and <29% for Kh. The pressure decrease to below equilibrium led to partial dissociation and self-preservation of pore hydrate recorded in saturation decrease [32] . At the end of the dissociation process, the frozen samples contained 4%-7% of residual hydrate. The selfpreservation coefficient (Ksc) was the highest in clay silt (61%) and the lowest in sand (8.5%).
The frozen soil samples with metastable pore methane hydrate were heated to estimate the effect of warming on hydrate destabilization detectable in the time-dependent change of pressure, temperature, and hydrate coefficient (Figure 2-4 ). In addition, temperature corresponding to the onset of rapid pore hydrate dissociation (td) was determined for each experiment by the intersection of the tangents to the dramatic bend of the hydrate coefficient graph (blue line) and temperature graph (red line). Time-dependent change of temperature and pressure (a), and hydrate coefficient (Kh) (b) in frozen hydrate-bearing sand exposed to warming. td is the temperature corresponding to the onset of rapid pore hydrate dissociation. In the beginning of the temperature increase, the pressure in the cell became slightly (0.02−0.03 MPa) higher as a result of gas expansion, but then increased markedly upon dissociation of pore methane hydrate. The increase was 0.1 MPa for the sand sample, 0.15 MPa for silt, and 0.2 MPa for clay silt. Rapid dissociation of pore hydrate in the frozen samples began at different temperatures (Figure 2b, 3b, 4b) : td was -1.3 °C in sand (Figure 2b) , -0.3 °C in silt (Figure 3b) , and −2.7 °C in clay silt (Figure 4b) . These td values remained in the range of negative temperatures below the pore ice-water In the beginning of the temperature increase, the pressure in the cell became slightly (0.02-0.03 MPa) higher as a result of gas expansion, but then increased markedly upon dissociation of pore methane hydrate. The increase was 0.1 MPa for the sand sample, 0.15 MPa for silt, and 0.2 MPa for clay silt. Rapid dissociation of pore hydrate in the frozen samples began at different temperatures (Figure 2b,  Figure 3b (Figure 4b ). These t d values remained in the range of negative temperatures below the pore ice-water phase transition (melting point). The t d temperature was the highest in non-saline silt (−0.3 • C) and shifted to lower values as salinity increased in the series 'silt-sand-clay silt' (Figure 5) . Thus, the dissociation temperature of metastable pore hydrate is lower in saline and fine-grained soils than in coarser and less saline ones. Quite low t d values (about −6.6 • C) were obtained for highly saline clay (Z up to 1.8%) sampled in the Yamal Peninsula near the Bovanenkovo gas and condensate field. Therefore, gas hydrates may have existed at colder conditions in the past but failed to survive as the permafrost temperature increased to about −3 • C [58] . 
Discussion
The experimentally revealed behavior of pore gas hydrates in samples exposed to increasing temperatures has implications for the conditions of preservation and dissociation of gas hydrates in the Arctic shelf permafrost. This knowledge is of special interest for the eastern Arctic sector (Laptev shelf), where subsea permafrost is widespread and thick (600 m) and voluminous methane emission may result from dissociation of intrapermafrost gas hydrates. The composition and temperature of the permafrost in the area are poorly constrained for the lack of explicit geological evidence but the origin and evolution of shelf permafrost, as well as the local conditions for gas hydrate stability, were predicted by modeling [59] [60] [61] .
The modeling results predict the following history of permafrost in the Arctic shelf. It formed during regression about 20-15 kyr BP as the emerged rocks became exposed to prolonged cooling [40] , which produced a zone of gas hydrate stability both beneath and within the permafrost. The pore gas present in freezing sediments could partly convert to hydrate, including at depths shallower than 200 m [55] . The permafrost at that time had a temperature of -13 or -12 °C and its thickness reached 700 m or more [42, 62, 63] . The subsea permafrost gradually warmed up during the subsequent transgression (about 9 kyr BP) and has reached a temperature of -2 to -1.5 °C by present. Note that the temperature field has almost no gradient [40] . The temperature increase led to progressive degradation of the permafrost and destabilization of pore gas hydrates, including those in the metastable state. As shown by experiments, the destabilization begins at a certain temperature controlled by the lithology (particle size) and salinity of sediments.
The available published evidence and experimental results allow sketching a scenario of changes in warming subsea permafrost that contains relict metastable pore gas hydrates ( Figure 6 ). 
The modeling results predict the following history of permafrost in the Arctic shelf. It formed during regression about 20-15 kyr BP as the emerged rocks became exposed to prolonged cooling [40] , which produced a zone of gas hydrate stability both beneath and within the permafrost. The pore gas present in freezing sediments could partly convert to hydrate, including at depths shallower than 200 m [55] . The permafrost at that time had a temperature of −13 • C or −12 • C and its thickness reached 700 m or more [42, 62, 63] . The subsea permafrost gradually warmed up during the subsequent transgression (about 9 kyr BP) and has reached a temperature of −2 • C to −1.5 • C by present. Note that the temperature field has almost no gradient [40] . The temperature increase led to progressive degradation of the permafrost and destabilization of pore gas hydrates, including those in the metastable state. As shown by experiments, the destabilization begins at a certain temperature controlled by the lithology (particle size) and salinity of sediments.
The available published evidence and experimental results allow sketching a scenario of changes in warming subsea permafrost that contains relict metastable pore gas hydrates ( Figure 6 ).
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In the beginning of transgression, the temperature of permafrost increases upon interaction with sea water. Metastable intrapermafrost gas hydrates hold as long as this temperature remains below the critical value td (Figure 6a ) but begin to dissociate once the permafrost reaches the td level ( Figure  6b ). Gas hydrates dissociate and the liberated methane begins to rise toward the sea bottom and causes swelling of sediments while the permafrost temperature is equal to or slightly above the td level ( Figure 6c ). Finally, when the permafrost exceeds the critical temperature, rapid dissociation of gas hydrates can produce active methane emission and water bubbling detectable by acoustic emission survey [21] , and pockmarks, sinkholes, and other efflux structures form on the sea bottom ( Figure 6d ).
The laboratory results place constraints on the amount of methane that can emit from permafrost containing metastable gas hydrates: 1 m 3 of frozen samples exposed to warming can release 1.5 to 5.5 m 3 of methane (Table 4 ). Since the critical temperature of the hydrate dissociation onset depends on lithology (pore size) and salinity of the host sediments, gas hydrates in heterogeneous subsea permafrost may exist in layers with different td temperatures. A part of accumulated gas hydrates can dissociate early during transgression at moderate permafrost warming (-3 to -5 °C), but some may hold at the present temperature level of relatively warm permafrost (-1 to -2 °C).
According to available field data [39] , the Arctic subsea permafrost (e.g., that in the Laptev shelf) has low salinity, and the gas hydrates it stores may dissociate rapidly even upon minor warming. The critical temperature in non-saline sediments was predicted to be as low as td = -0.3 °C, while the Laptev shelf permafrost may become 0.5 °C warmer already in a few decades [26, 62] . Thus, warming of subsea permafrost in the Arctic shelf to -0.5 to -1 °C may trigger large-scale gas hydrate dissociation in the near future. The possibility of violent methane release from bottom sediments poses risks of geohazard and negative environmental impacts. Figure 6 . Evolution of hydrate-bearing subsea permafrost exposed to progressive temperature increase (a, b, c, d-details below in text).
In the beginning of transgression, the temperature of permafrost increases upon interaction with sea water. Metastable intrapermafrost gas hydrates hold as long as this temperature remains below the critical value t d (Figure 6a ) but begin to dissociate once the permafrost reaches the t d level (Figure 6b ). Gas hydrates dissociate and the liberated methane begins to rise toward the sea bottom and causes swelling of sediments while the permafrost temperature is equal to or slightly above the t d level (Figure 6c ). Finally, when the permafrost exceeds the critical temperature, rapid dissociation of gas hydrates can produce active methane emission and water bubbling detectable by acoustic emission survey [21] , and pockmarks, sinkholes, and other efflux structures form on the sea bottom (Figure 6d ).
The laboratory results place constraints on the amount of methane that can emit from permafrost containing metastable gas hydrates: 1 m 3 of frozen samples exposed to warming can release 1.5 m 3 to 5.5 m 3 of methane (Table 4 ). Since the critical temperature of the hydrate dissociation onset depends on lithology (pore size) and salinity of the host sediments, gas hydrates in heterogeneous subsea permafrost may exist in layers with different t d temperatures. A part of accumulated gas hydrates can dissociate early during transgression at moderate permafrost warming (−3 • C to −5 • C), but some may hold at the present temperature level of relatively warm permafrost (−1 • C to −2 • C).
According to available field data [39] , the Arctic subsea permafrost (e.g., that in the Laptev shelf) has low salinity, and the gas hydrates it stores may dissociate rapidly even upon minor warming. The critical temperature in non-saline sediments was predicted to be as low as t d = −0.3 • C, while the Laptev shelf permafrost may become 0.5 • C warmer already in a few decades [26, 62] . Thus, warming of subsea permafrost in the Arctic shelf to −0.5 • C to −1 • C may trigger large-scale gas hydrate dissociation in the near future. The possibility of violent methane release from bottom sediments poses risks of geohazard and negative environmental impacts.
Conclusions
Dissociation of gas hydrates in the subsea permafrost that formed during regression is one of possible causes of active methane emission in the Arctic shelf. The intrapermafrost gas hydrates became destabilized at a high sea stand, when hydrate-bearing permafrost underwent rapid degradation upon interaction with sea water which led to large-scale release of methane into the air.
The experimental study of the process in laboratory shows that active dissociation of intrapermafrost gas hydrates starts at some critical temperature depending on sediment lithology and salinity. The dissociation of metastable relict gas hydrates in frozen sediments exposed to warming begins and ends slightly before the onset of pore ice melting. The critical temperature sufficient for triggering pore hydrate dissociation in permafrost ranges from −3.0 • C to −0.3 • C, i.e., the active process may begin even at small increase of the negative temperature of frozen sediments. Taking into account an almost gradientless temperature field during the subsea permafrost degradation, large-scale dissociation of gas hydrates accompanied by active gas emission and methane bubbling detectable in water can be expected in the near future.
Thus, the theoretical calculations and the physical modeling predict that minor warming of subsea permafrost poses risks of hazardous dissociation of metastable gas hydrates in the Arctic shelf. 
